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Abstract. Thermal-optical evolved gas analysis (TOEGA) is
a conventional method for classifying carbonaceous aerosols
as organic carbon (OC) and elemental carbon (EC). Its main
source of uncertainty arises from accounting for pyrolized
OC (char), which has similar behavior to the EC originally
present on the ﬁlter. Sample composition can also cause
error, at least partly by complicating the charred carbon
correction. In this study, lab generated metal salt parti-
cles, including alkali (NaCl, KCl, Na2SO4), alkaline-earth
(MgCl2, CaCl2) and transition metal salts (CuCl2, FeCl2,
FeCl3, CuCl, ZnCl2, MnCl2, CuSO4, Fe2(SO4)3), were de-
posited on a layer of diesel particles to investigate their ef-
fect on EC and OC quantiﬁcation with TOEGA. Measure-
ments show that metals reduce the oxidation temperature of
EC and enhance the charring of OC. The split point used to
determine classiﬁcation of EC vs. OC is more dependent on
changes in EC oxidation temperature than it is on charring.
The resulting EC/OC ratio is reduced by 0–80% in the pres-
ence of most of the salts, although some metal salts increase
reported EC/OC at low metal to carbon ratios. The results
imply that EC/OC ratios of ambient aerosols quantiﬁed with
TOEGA have variable low biases due to the presence of met-
als. In general, transition metals are more active than alkali
and alkaline-earth metals; copper is the most active. Copper
and iron chlorides are more active than sulfates. The melting
point of metal salts is strongly correlated with the increase
of OC charring, but not with the reduction of EC oxidation
temperature. Other chemistry, such as redox reactions, may
affect the EC oxidation. A brief discussion of possible cat-
alytic mechanisms for the metals is provided.
Correspondence to: S. E. Paulson
(paulson@atmos.ucla.edu)
1 Introduction
Ambient aerosols are composed of inorganic species, such as
sulfate, nitrate, ammonium, trace metals, and carbonaceous
material consisting principally of OC and EC (also known as
black carbon, BC). Carbonaceous materials make up a large
fraction of ambient aerosols (Zhang et al., 2007). OC and EC
play important roles in climate, heath and other atmospheric
processes, thus there is great interest in quantifying OC and
EC in aerosol particles.
Carbonaceous aerosol ranks as some of the most difﬁcult
aerosol to measure, with uncertainties of at least 30–50%
(e.g., Huebert and Charlson, 2000). OC and EC are usu-
ally determined by thermal-optical protocols. One such pro-
tocol is the National Institute of Occupational Safety and
Health (NIOSH) method 5040 with correction by thermal-
optical transmission (TOT) (Chow et al., 2001; NIOSH,
1999). Brieﬂy, a ﬁlter sample is exposed to a prescribed
temperature protocol ﬁrst in an inert (helium, He) environ-
ment and then in an oxidizing (He/oxygen mixture, He/O2)
atmosphere. Ideally, OC volatilizes in the He-mode of the
analysis, while EC combusts in the oxidizing atmosphere at
high temperatures. A major complication is that a fraction
of the OC chars, or pyrolyzes, in the inert mode of the anal-
ysis. This pyrolyzed organic carbon (POC) requires an oxi-
dizing atmosphere to evolve off the ﬁlter, similar to EC. To
account for pyrolysis, the transmittance of laser light through
the sample is monitored and used to split the total carbon
(TC) into OC and EC. The OC-EC split is generally deﬁned
as the point where the transmittance level returns to its ini-
tial level after a transient reduction of laser response due to
OC charring. This point frequently intersects a large peak,
so that a shift in the peak by a few seconds in either direction
has a signiﬁcant impact on the carbon mass allocated as OC
or EC.
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A handful of studies have suggested the sample composi-
tion, either organic or inorganic, can inﬂuence the evolution
of carbon from ﬁlters, causing errors in TOEGA (Peterson
et al., 2001). EC in aged and remote aerosols has been ob-
served to evolve at considerably lower temperatures (450–
550 ◦C instead of 550–700 ◦C) than in urban aerosols (Huff-
man, 1996). EC in ambient aerosols evolved at 30–40 ◦C
lower temperatures than in highway vehicle samples (Turner
and Hering, 1990). EC in biomass-burning aerosols was also
oxidized at lower temperatures compared to diesel particles
(Novakov and Corrigan, 1995a). Mixing ambient aerosols
with tunnel exhaust can lower diesel soot oxidation temper-
atures by 100–150 ◦C, a phenomenon attributed to the non-
carbonaceous constituents of particles (Turner and Hering,
1994; Grosjean et al., 1994). A suite of laboratory studies
demonstrated that small amounts of many metals (Na, K, Ca,
Mg, Cu, Fe, Mn, Zn), either as oxides or salts, can lower the
temperature and increase the rate of oxidation of diesel soot
(Murphy et al., 1981; Novakov and Corrigan, 1995a; Gros-
jean et al., 1994; Lin and Friedlander, 1988; Stanmore et al.,
2001; Neeft et al., 1996). Generally transition metal oxides
(CuO, MnO2, Fe2O3), and especially copper (Murphy et al.,
1981; Neeft et al., 1996; Bonnefoy et al., 1994; Moreno-
Castilla et al., 1985), have been found to be more active than
others (CaO, MgO) in oxidizing soot. In some studies, the
oxidation reactivity of graphite or soot was found to increase
in rough proportion to the catalyst to soot ratio (e.g., Lin and
Friedlander, 1988; Neeft et al., 1998). In other studies, this
ratio was found to have much less inﬂuence (Turner and Her-
ing, 1994; Grosjean et al., 1994).
Charring of organic materials is the subject of an extensive
literature investigating the use of metals to catalyze the py-
rolysis of cellulose, wood and coal (Varhegyi et al., 1988;
Richards and Zheng, 1991; Ponder and Richards, 1994).
K+, Ca2+, CuCl2, CuSO4, FeCl2, KCl, FeCl3, FeSO4,
Fe2(SO4)3, NaCl and ZnCl2 have all been shown to increase
the char yield, while MgCl2 has not. More char is produced
at higher concentrations of ZnCl2 and Fe2(SO4)3.
The behavior of the catalyst appears to depend on factors
such as catalyst loading, heat treatment of the sample, carbon
oxygen group content, dispersion, and chemical state of the
catalyst. Althoughsomeeffortshavebeenmade, thecatalytic
community has not thus far been successful at developing a
predictive model for metal catalytic activities, and thus relies
primarily on empirical observations.
Diesel exhaust particles (DEP) comprise a large fraction
of the carbonaceous component of particles, particularly in
urban areas (Gray and Cass, 1998). This paper describes the
results of a systematic study on the comparative catalytic be-
havior of 13 metal salts in the measurement of OC and EC in
DEP, using TOEGA-TOT. Catalytic metals chosen for study
are commonly observed in ambient aerosols (Krudysz et al.,
2008; IMPROVE, 2010). This study provides a ﬁrst com-
plete dataset on the effects of metals on the OC and EC mea-
surement by TOEGA, presenting valuable information on the
accuracy of TOEGA as a means of determining the OC and
EC in DEP.
2 Experimental
2.1 Diesel exhaust particles
DEP were produced by a four-stroke, air-cooled direct in-
jection 4.8-kW diesel generator (L70V6, Yanmar Corpora-
tion) at maximum load. The generator has been veriﬁed to
produce particles that are well within the range observed for
particle emissions from heavy duty diesel trucks in terms of
OC and EC content, primary particle size, size distribution
and fractal dimension of agglomerates (Chung et al., 2008).
The generator was run on California #2 ultra low sulfur fuel
(less than 15ppmw sulfur), and was allowed to warm up for
10min prior to collection of samples. DEP were collected
10cm away from the generator’s exhaust outlet without dilu-
tion, onto pre-ﬁred quartz ﬁlters (47mm, Pall Life Sciences)
at a ﬂow rate of 30Lmin−1 for 1–2min. Blanks were col-
lected for 4±1s. One set of diesel samples was used as diesel
controls; ambient or metal particles were collected on top of
the other samples. For diesel samples mixed with metal salts,
the engine was operated at load after a 10 min warm up. For
diesel samples mixed with ambient aerosols, the engine was
operated under various conditions, resulting in a wider range
of initial diesel EC/OC ratios.
2.2 Ambient aerosols
Ambient total suspended particles (TSP) were collected on
the roof of the math sciences building on the campus of Uni-
versity of California at Los Angeles (UCLA) during 5–7 De-
cember 2007. TSP was collected onto Teﬂon (47mm, Pall
Life Sciences), quartz, and pre-DEP loaded quartz ﬁlters si-
multaneously, at 30Lmin−1 for 2 to 6h. The Teﬂon ﬁlters
were used for mass and metal analysis of ambient aerosols.
The clean and pre-DEP loaded quartz ﬁlters were used for
OC and EC analysis of the ambient and the mixed ambi-
ent/diesel aerosols, respectively.
2.3 Metal salt particles
Thirteen 2.5wt% metal salt solutions (NaCl, KCl, MgCl2,
CaCl2, FeCl2, FeCl3, CuCl2, CuCl, MnCl2, ZnCl2, Na2SO4,
CuSO4, Fe2(SO4)3) were prepared by dissolving the metal
salt powders (Acros, Sigma, or Alfa Aesar, purity >98%) in
puriﬁed de-ionized water (18M). Metal salt solutions were
aerosolized into a 2 m3 Teﬂon chamber for 30 min at a ﬂow
rate of 3.5Lmin−1. Prior to an experiment, the chamber was
ﬂushed with puriﬁed air for 1 h, and then ﬁlled with puriﬁed
air for about 15min. The resulting background particle con-
centration was <20cm−3. The resulting metal salt particles
were collected onto pre-DEP loaded quartz ﬁlters, usually
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at 30Lmin−1 for 10–120s. The sampling time was deter-
mined by the desired metal to carbon mass ratio (M/C), typi-
callyinthe0.01–0.5range, similartothatinambientaerosols
(Krudysz et al., 2008; IMPROVE, 2010). Metal control ﬁl-
ters were created by collecting chamber aerosol onto pre-
ﬁred quartz ﬁlters at 30Lmin−1 for 47–540s. The mass
concentrations and size distributions of metal aerosols were
monitored with a scanning mobility particle sizer (SMPS,
3081 DMA, 3100 CPC, TSI).
2.4 OC and EC analysis
OC and EC were quantiﬁed for 1cm2 punches of the quartz
ﬁlter samples with a thermo-optical evolved gas analyzer
(SunsetLab Inc.) usingthe NIOSH5040 procedure(NIOSH,
1999; Birch and Cary, 1996). Carbon evolving from the ﬁlter
is oxidized to carbon dioxide, and then reduced to methane
for detection with a ﬂame ionization detector (FID). A red
laser (670 nm) is used to monitor transmittance through the
ﬁlter. To account for changes in the laser transmittance as
the instrument and ﬁlter go through its temperature cycle,
eighteen diesel samples were ﬁrst analyzed for OC/EC, al-
lowed to cool, and then re-analyzed. The resulting transmit-
tance curves were averaged, and the resulting “background”
curve was used to correct all sample transmittance curves, by
taking the natural log of the transmittance through the sam-
ple at a given time point relative to the background trace at
the same time point (ln Isample- ln Iavg.blank). The resulting
corrected sample trace was then smoothed with a nine-point
movingaverage. The splitpointis setas thetimeat whichthe
corrected transmittance returns to its initial maximum value.
This adjusted split time is smaller than, but highly correlated
with, the split time set by the instrument software (adjusted
split time=0.83 (±0.01) × software split time, R2 =0.41,
p <10−16). The adjusted split time (367±56) has a similar
standard deviation as the software split time (439±50). At
the end of each analysis a 5% CH4/He standard is injected
for calibration. The measured carbon fractions inµgcm−2
from the analyzer output were converted to total mass in the
ﬁlter (µg). We observe that all of the trends reported in this
contribution are preserved if we use the output provided by
the instrument software.
Most volatilized carbon evolves in the He phase while the
temperature is heated stepwise to 250 (90s), 500 (60s), 650
(60s) and 850 ◦C (90s), producing four OC fractions. The
98%He/2%O2 atmosphereisintroducedaftertheovencools
to 600 ◦C, and oxidized carbon evolves at 650 (30s), 750
(30s), 850 (60s) and 940 ◦C (120s), producing three EC
fractions. The carbon that evolves in the oxidizing atmo-
sphere until the transmitted light returns to its initial value is
termed pyrolyzed organic carbon (POC). POC is subtracted
from the sum of EC fractions to obtain the EC concentration.
OC is the sum of four OC and the POC fractions. TC is the
sum of OC and EC. OC and EC in blanks were 18.6±19.8%
and 2.0±4.8% of the samples, respectively.
2.5 BC analysis
BC content on the pre-DEP loaded quartz ﬁlters was char-
acterized by a dual-wavelength (370 and 880nm) optical
transmissometer (Model OT21, Magee Scientiﬁc). The re-
lationship between the optical attenuation and the BC con-
centration (inµgcm−2) is given by ATN=σ BC, where
ATN=−100In(I/I0), I and I0 are the light intensities trans-
mitted through the loaded and blank ﬁlters, and σ represents
the mass absorption coefﬁcient of BC. We used 16.6m2 g−1
for σ as suggested by the manufacturer, although the choice
of σ is not consequential since it was used to infer relative
EC in metal loaded samples.
2.6 Metal analysis
Quartz (after OC/EC analysis) or Teﬂon ﬁlters were im-
mersed in 10mL 5% HNO3 for 24h. The resulting solu-
tions were ﬁltered and analyzed for metals by inductively
coupled plasma atomic emission spectroscopy (ICP-AES,
Perkin-Elmer, TJA Radial Iris 1000). A multiple elements
stock solution, containing 10 or 20ppm of each element
was prepared from individual element standards (CPI Intl.).
0.01–1.2ppm element standards were prepared by serial di-
lution of the stock solution. Zn, Cu, Fe, K, Mg, Mn, Ca and
Na in blanks were about 1.4, 1.2, 0.5, 1.0, 0.3, 0.1, 29 and
3.5% of those in samples, respectively.
3 Results
3.1 Effect of ambient aerosols on TOEGA analyses of
diesel particles
Table 1 shows the metal and carbon content of ambient TSP
samples. The composition was quite variable from day to
day; metals and carbon comprised 20–45% and 10–20% of
the total particle mass, respectively. The most abundant met-
als were Na, followed by Ca, Mg and Fe, with K, Si, Cu,
Al and Zn also contributing signiﬁcantly. The element con-
centrations, as well as the fraction of carbon and other mate-
rial in these aerosols are well within the ranges observed by
other investigators (Krudysz et al., 2008; IMPROVE, 2010),
except for the high sodium levels. High sodium is expected
due to the sampling site’s close proximity to the coast, and
the sea breeze present on sampling days.
Ambient TSP was also collected on a layer of diesel par-
ticles to investigate the effects of ambient aerosols on the
OC/EC analysis of diesel particles by TOEGA. Figure 1
shows the TOEGA results of ambient TSP, diesel, and the
two combined for the 5 December sample set. The addi-
tion of ambient TSP to diesel particles did not affect the tim-
ing of the carbon volatilization proﬁle during the inert phase
(<320s), although it appears that some of the diesel OC in
the ﬁrst OC peak evolved later in the presence of ambient
aerosol. In the oxygen phase (>320s), the small amount
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Table 1. Chemical composition and carbon characteristics of ambient TSP, diesel, and co-deposited ambient and diesel particles.
Sample Variable 5-Dec-07 6-Dec-07 7-Dec-07
Ambient TSP PM (µg/m3) 79 57 22
Na (µg/m3) 6.44 7.48 7.42
Al (µg/m3) 0.42 0.27 0.06
Ba (µg/m3) 0.15 0.06 0.02
Ca (µg/m3) 2.84 1.93 0.49
Cr (µg/m3) 0.05 0.02 0.01
Cu (µg/m3) 0.37 0.07 0.02
Fe (µg/m3) 1.77 0.78 0.19
K (µg/m3) 0.47 0.24 0.2
Mg (µg/m3) 1.06 0.97 0.85
Ni (µg/m3) 0.01 0.01 0
Si (µg/m3) 0.75 0.41 0.26
Ti (µg/m3) 0.04 0.02 0
V (µg/m3) 0.11 0.03 0.09
Zn (µg/m3) 0.43 1.25 0.05
TC (µg/m3) 15 9 2
EC/OC Ratioa 0.16 0.19 0.12
EC Ox. Temp.b(◦C) 794 723 724
Diesel EC/OC Ratioa 4.97 12.1 1.02
EC Ox. Temp.b (◦C) 921 916 866
Ambient + Ambient TC Mass on Filter (µg) 28 33 11
Diesel Diesel TC Mass on Filter (µg) 171 66 18
Metal/TC Ratioc 0.14 0.50 1.83
Expected EC/OC Ratiod 2.77 2.02 0.55
Measured EC/OC Ratioa 1.95 1.50 0.29
EC/OC Ratio Red.e (%) −30 −26 −47
EC Ox. Temp.b (◦C) 794 720 724
EC Ox. Temp. Red.f (◦C) −127 −196 −142
a Based on instrument split time. b The temperature at which the largest carbon evolution peak appears in the He/O2-phase. c Mass ratio of the sum of measured metals in ambient to
the sum of ambient TC and diesel TC. d Weighted average of diesel EC/OC and ambient EC/OC. e Percent reduction of measured EC/OC ratio to expected EC/OC ratio in ambient
+ diesel sample. f Reduction of EC oxidation temperature in ambient + diesel sample to diesel sample.
of ambient aerosol shifted the oxidation temperature of the
low volatility carbon (EC) in diesel particles ∼130–190 ◦C
earlier; EC in diesel-ambient samples began to oxidize at the
same temperature as EC in ambient aerosols. TOEGA results
for the samples from 6 and 7 December were very similar to
5 December (Table 1); the reduction of diesel EC oxidation
temperature is independent of the metal/TC ratio. The stud-
ies from Turner and Hering (1994) and Grosjean et al. (1994)
also showed that exposure of a highway tunnel sample to in-
land or coastal ambient aerosols resulted in a ∼100 ◦C or
∼150 ◦C reduction of soot oxidation temperature, respec-
tively. The authors suggested that sodium or other compo-
nents in ambient aerosols catalyzed the oxidation of carbon.
These results reiterate that components in ambient aerosols
can cause diesel EC to start oxidizing almost immediately
after oxygen is introduced, in the region where POC evolves,
making accurate separation of OC and EC very difﬁcult.
For the 5 December sample set, the EC/OC ratios were
4.97, 0.16 and 1.95 for diesel, ambient TSP, and the two
combined, respectively. Based on the TC mass of diesel
(171µg) and ambient TSP (28µg) in the combined sample,
the weighted EC/OC ratio of the resulting mixture would be
2.77. This ratio is higher than the measured ratio of 1.95,
suggesting components of the ambient particles reduce the
EC/OC ratio of diesel particles measured by TOEGA. Simi-
lar results were found for the other two sample sets (Table 1).
3.2 Effect of metal catalysts on TOEGA analyses of
diesel particles
Na, K, Mg, Ca, Fe (II, III), Cu (I, II), Mn, and Zn are abun-
dant in ambient aerosols. In this study, chlorides of the above
metals were chosen to understand their effects on the OC and
EC measurements of diesel particles by TOEGA. Na, Cu(II),
and Fe(III) sulfates were also investigated to determine the
role of anions.
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Fig.1. Carbonevolutionproﬁles, lasertransmissionsignalandoven
temperature proﬁle for ambient, diesel, and co-deposited ambient
and diesel particles, for samples collected in 5 December 2007. The
diesel and ambient particle masses on the ﬁlters were 171µg and
28µg, respectively.
Comparing the metal mass measured by ICP and SMPS
suggests the collected metal particles were likely a combi-
nation of metal hydrates and crystalline metal particles (Ta-
ble S1). The mean diameter of the metal particles was be-
tween ∼70–100nm (Fig. S1). The mass of metals (exclu-
sive of water and anions) and carbon on the ﬁlters fell in the
ranges of 5–164 and 27–226µg, with averages of 36±31 and
108±46µg, respectively.
3.2.1 Effects on TC
For pure diesel samples, there is a strong correlation between
BC measured by optical transmissometer and TC measured
by TOEGA, TC (µg)=1.78×BC (µg) −21.97 (R2 = 0.97).
For metal-loaded diesel samples, we estimated TC (TCesti)
from measured BC and the above linear relationship, and
compared it to measured TC (TCmeas). TCmeas is strongly
correlated with TCesti (TCesti =0.998×TCmeas−0.516; R2 =
0.88) for all metal-loaded diesel samples (Fig. S2). While
there is more scatter for the metal-loaded samples, the slope
of regression line is not differentiable from 1, suggesting
that the metal catalysts do not affect the TC measurement
by TOEGA.
3.2.2 Effects on carbon oxidation
Figure 2 shows average TOEGA thermograms of metal-
loaded and pure diesel samples. For 13 diesel controls with-
out metal catalysts, the native EC was oxidized at ∼870 ◦C,
corresponding to the largest peak at ∼550s. At this point,
80% of the carbon has evolved from the ﬁlter. This point,
T0.8 is used to compare the effect of metal salts on carbon
evolution. With metal catalysts, a more complex carbon evo-
lution proﬁle was observed. Once oxygen is introduced, the
carbon begins to oxidize earlier, and some evolves at each
temperature step, resulting in the multiple peaks in the ox-
idative phase. The carbon is also completely removed from
the ﬁlter at lower temperatures.
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Fig. 2. Carbon evolution proﬁles of diesel and metal-loaded diesel
samples using the NIOSH protocol. For each metal salt, several
samples with different metal to carbon ratios were averaged. The
diesel control proﬁle is also an average, of 13 samples. The FID
response was normalized to the total FID response (1FID/6FIDdt).
Transmittance proﬁles are shown as percent change relative to the
initial transmittance I0, i.e. (lnI-lnI0/ln I0)×100.
Due to the multiple oxidation steps of diesel EC in the
presence of metal catalysts, the fraction of carbon conversion
as a function of temperature in the oxygen phase was calcu-
lated for metal-loaded and pure diesel samples and shown in
Fig. S3. It shows clearly that metals systematically lower the
temperature at which the carbon evolves from the ﬁlter.
The average degrees by which each metal salt reduces the
nativeECoxidationtemperature(T0.8)areasfollows: (in ◦C)
CuCl −133, CuCl2 −212, CuSO4 −193, FeCl2 −145, FeCl3
−93, Fe2(SO4)3 −54, MnCl2 −131, ZnCl2 −64, NaCl −94,
Na2SO4 −156, KCl −76, MgCl2 −48, and CaCl2 −22.
Copper (II) species had the largest effect, causing the oxi-
dation of carbon immediately after the addition of oxygen;
calcium and magnesium had little effect (MgCl2 >CaCl2);
iron (II, III), copper (I), manganese, zinc, sodium, and potas-
sium all had moderate effects (KCl>NaCl; CuCl, FeCl2,
MnCl2 >FeCl3 >ZnCl2). The reduced form of iron was
more active than its oxidized form; while the oxidized form
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of copper was more active than its reduced form. The effect
of anions on carbon oxidation also varied by metal. Sodium
sulfate was more active than sodium chloride, while copper
and iron chlorides were more active than sulfates.
The importance of catalyst concentration on EC oxida-
tion was investigated by considering the reduction of T0.8
(compared to pure diesel T0.8) as a function of M/C ratio.
The oxidation reactivity was found to be independent or very
weaklydependentonthecatalystconcentrationformostmet-
als (Fig. S4). Such independence of T0.8 on metal loading
may be because the quantity of metals that is sufﬁcient to
lower the carbon oxidation temperature is below the low-
est ratio we used (between 0.03 and 0.37 depending on the
metal).
The results indicate that catalytic activity of metal salts de-
pends on the metal, its oxidation state, and to a lesser degree
on the associated anions. The general activity follows transi-
tion metal > alkali metal > alkaline-earth metal.
A handful of previous studies on the catalytic ox-
idation of soot support our results. For the oxida-
tion of model soot (Printex-U), CuCl2 and CuCl were
very active, whereas CaCl2 had little effect (Mul et al.,
1998). Cu(NO3)2 was the most effective catalyst of the
ﬁrst transition series of elements in carbon-air reactions
Cu(NO3)2 Fe(NO3)3 >Mn(NO3)2 >Zn(NO3)2 (Moreno-
Castilla et al., 1985). CuO was a better catalyst than Cu2O
and Fe2O3 (Neri et al., 1997; Neeft et al., 1998; Wang and
Haynes, 2003). Cu2+ ion was the active form for copper
reagents, and copper was more active in the presence of chlo-
ride than other anions (Courcot et al., 1998). CuCl2 could
lower the oxidation temperature of diesel soot by ∼170 ◦C
(Murphy et al., 1981). K reduced the oxidation temperature
of BC in biomass aerosols by ∼100 ◦C (Novakov and Cor-
rigan, 1995b). Na lowered the combustion temperatures of
laboratory-generated (Lin and Friedlander, 1988), biomass
(∼100 ◦C, Novakov and Corrigan, 1995b), and ambient tun-
nel (∼50 ◦C, Grosjean et al., 1994) carbonaceous particles.
The catalytic activity of metals on soot oxidation is related
to many factors, such as the type of contact between the cat-
alyst and soot, the origin and structure of soot itself, and the
catalyst mobility, dispersion, sintering or inhibition, so some
variation between studies is inevitable.
3.2.3 Effect on OC charring
Figure 2 shows that during the inert heating phase of TOEGA
(<320s), there is a small decrease in laser transmittance
for both metal-loaded and pure diesel samples, indicating
some OC charring. The fraction of charred OC was quan-
tiﬁed from the change in the transmission signal, calculated
as the percent reduction of laser transmittance through the
ﬁlter during the inert heating phase of TOEGA, i.e. (lnImax
– lnImin)/lnImax×100, where Imax and Imin denote the max-
imum and minimum transmission signals during the inert
phase, respectively. As expected (Yu et al., 2002), char
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Fig. 3. The percent increase of char as a function of metal to car-
bon ratio for transition metal-loaded diesel compared to diesel ref-
erence samples. The values have been adjusted for the mass of TC
(see text). The y-axis represents ([char]metal−loaded diesel sample-
[char]diesel reference sample with matched TC loading)/
[char]diesel reference sample with matched TC loading×100. Char: the
percent reduction of laser transmittance through the ﬁlter during the
inert heating phase of TOEGA.
was strongly linearly correlated with the TC loading, which
ranged from 35–360µg per ﬁlter, for diesel reference sam-
ples (Fig. S5a):
char(%)=0.0378TC(µg)−1.47(R2=0.92) (1)
The effect of metals on OC charring was investigated
by calculating the percent change of char for metal-loaded
diesel relative to diesel reference samples (Figs. 3 and S6).
Char of a metal-loaded diesel sample was calculated from its
transmittance proﬁle. Since metal-loaded and diesel refer-
ence samples have different TC loadings, the reference char
was calculated from Eq. (1) using the measured TC for the
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metal-loaded sample. All tested salts increase char to vari-
ableextents(Figs.3andS6). Increasedcharringbytransition
metal salts was dependent on the M/C ratio, while the effects
of alkali and alkaline-earth metals were not. The presence
of alkali and alkaline-earth metal salts, NaCl, Na2SO4, KCl,
MgCl2, and CaCl2 caused increases of 26±26%, 65±143%,
107±106%, 90±117% and 52±70% in char, respectively.
Figure 3 shows that Cu and Fe increase OC charring rapidly
with M/C ratio, following an exponential relationship in the
M/C range of 0.03–1.25. For both Fe and Cu salts, chlorides
are more active than sulfates. The results also suggest that
the oxidation state of the transition metal has little effect on
OC charring.
3.2.4 Effects on OC-EC split time
The split time is manually set at the point where the laser
transmittance returns to its initial maximum level. For
diesel reference samples, the split time was correlated with
the TC loading, increasing modestly as TC increased, tsplit
(s)=0.5585TC (µg) + 336.24 with R2 =0.52, p<0.001
(Fig. S5b). Heavily loaded ﬁlters are less likely to give sig-
niﬁcant increases in laser transmittance as the oven temper-
ature approaches 900 ◦C in the inert phase and these ﬁlters
are therefore likely to have the OC-EC split occur later in the
oxygen phase (Peterson and Richards accessed July 2010).
The effect of metals on the OC-EC split of diesel sam-
ples was investigated by comparing the OC-EC split between
metal-loaded and pure diesel samples normalized to the same
TC loading. Generally, the metals lowered the split time, al-
though there were a few scattered samples that had negligi-
ble or positive changes (Fig. S7). Most did not show a de-
pendence on M/C ratio, however, CuCl, CuCl2, FeCl2, and
ZnCl2 did, with smaller changes in the split time as M/C in-
creased.
Figure 4 shows the relationship between the drop of OC-
EC split time and the reduction of EC oxidation temperature
(T0.8) in the presence of metals. The data show a strong posi-
tivecorrelation(R2 =0.73)betweenthetwofactors, although
the variations of both changes are large. No correlation be-
tween OC-EC split and OC charring is found (not shown).
The result suggests that the location of OC-EC split is more
a function of the removal of EC from the ﬁlter than OC char-
ring. The split point corrections produced by the instrument
software, as with all other analyses, show a similar strong
correlation (not shown).
3.2.5 Effects on EC/OC ratio
Figure 5 shows the EC/OC ratio as a function of M/C ra-
tio. Most of the metal-M/C ratio combinations lower the
EC/OC ratio by a substantial amount. Fe2(SO4), FeCl2,
FeCl3, CuSO4, Na2SO4, MnCl2, and ZnCl2 have little ef-
fect below a threshold M/C ratio, which ranges from ap-
proximately 0.1 to 0.4, and above this M/C ratio they lower
 
CuCl2
CuSO4
Na2SO4
MnCl2 FeCl2
CuCl
NaCl
FeCl3
KClZnCl2
Fe2(SO4)3
MgCl2
CaCl2
y = 0.51 x + 15
R
2 = 0.73
-150
-100
-50
0
50
100
-250 -200 -150 -100 -50 0
∆T0.8 (°C)
∆
t
 
s
p
l
i
t
 
(
s
)
Fig. 4. The reduction of T0.8 (temperature at which 80% of the
carbon has evolved from the ﬁlter) vs. the reduction of OC-EC split
time due to the addition of a metal catalyst. The error bars indicate
one standard deviation.
the EC/OC ratio. CaCl2 and CuCl both appear to increase
the EC/OC ratios, by 25-40% at the low end of M/C ratios
(0.03 and 0.06, respectively), but as M/C is increased fur-
ther, they decrease the EC/OC ratio sharply. Data for KCl
and CuCl2 are difﬁcult to interpret with conﬁdence due to
the small number of points and potential that an error in one
or two of the points could throw off the conclusion (2 of the 4
diesel controls for these salts are anomalously low). They do
however lend credence to the notion that for some salts, the
EC/OC ratio will be increased at low M/C ratios. The results
for NaCl are not shown as they are scattered and not in agree-
mentwithourpreliminarydata. Wenotethatsamplessuchas
the diesel studied here tend to have more variable split points
and EC/OC ratios than ambient samples because they char
relatively little and thus are more sensitive to the background
correction and small temperature dependent changes in the
ﬁlter and instrument.
As shown in Fig. 2, the transmittance typically reaches
a minimum value partway through the 850 ◦C temperature
step of the He-mode and then begins increasing, indicating
premature evolution of light-absorbing carbon. This loss of
light-absorbing carbon in the inert mode could be due to ox-
idation of POC or native EC due to the presence of inorganic
materials, such as metal oxides (Chow et al., 2001) or sulfate
(Huffman, 1996), which are able to act as oxidizing agents at
high temperatures. In addition, metals catalyze the evolution
of more carbon in the lower temperature steps of the He/O2-
mode (Figs. 2 and S3). The above likely contribute to the
lower reported EC/OC ratios in the presence of metals. How-
ever, in principle the laser transmittance should do a reason-
able job of correcting for such processes and move the split
earlier to compensate. A complication arises from the differ-
ences in the absorption cross section of POC vs. EC (Yang
and Yu, 2002); POC is usually, more absorbing than EC (e.g.,
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Fig. 5. EC/OC ratio as a function of metal to carbon ratio for metal-loaded diesel and the corresponding diesel reference samples.
Subramanian et al., 2006). This situation can lead to a de-
layed split point and an underestimate of EC because early
evolving EC does not bring the transmission signal back up
sufﬁciently to compensate for the POC that evolves later.
None of the measurable impacts of metals on carbon evo-
lution including its ability to lower the carbon oxidation tem-
perature, to increase OC charring, and to reduce the split time
is correlated with its effect on the EC/OC ratio (not shown).
Presumably this is because of the interplay between the ef-
fects of metals on carbon evolution, i.e. increasing the OC
charring in the He-phase, and catalyzing the oxidation of
POC and EC both in the He- and He/O2-phase.
3.3 Catalytic mechanisms
In this study, metal salts were deposited on top of diesel par-
ticles. The metal-loaded diesel samples were ﬁrst heated to
∼900 ◦C in the absence of O2, allowed to cool, and then re-
heated to ∼900 ◦C in the presence of O2. The metal specia-
tion (its chemical form) during the heating process is likely
an important factor in the catalytic mechanism of metals. Ini-
tially, most of the metal salts exist as hydrates, which pre-
sumably dehydrate during the inert heating phase. Eventu-
ally the salts reach their melting point, partially vaporize and
likely become oxides. The chemical forms of metals during
the heating stages in this study are not known, and it is possi-
ble chlorides, oxides, and other oxygen-chloride complexes
coexist with elemental forms of the metal.
The catalytic activity of metals is related to its physical
and chemical properties. The contact between metal and car-
bon has been found to be an important factor affecting its
catalytic activity (Neeft et al., 1996). For metals in loose
contact with soot (as in this work), the mobility of a metal
is suggested to be a major parameter determining its activ-
ity, and the mobility correlates with the melting point (Neri
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Fig. 6. The percent increase in the fraction of charred OC for metal-
loaded compared to diesel reference samples vs. the melting point
of metal salts. The error bars indicate one standard deviation.
et al., 1997; Neeft et al., 1996; McKee, 1983; Mul et al.,
1998; Stanmore et al., 2001). The NIOSH protocol used
here reaches temperatures close to 900 ◦C, above the melt-
ing points of all the salts tested. Figure 6 shows that with the
exception of FeCl2, which is excluded from the regression
analysis, lower melting points of metal salts are strongly cor-
related with increasing char (y =3E+09×−2.6228, R2 =0.87).
The melting point of metal salts is not correlated with the
shiftinECoxidationtemperature(notshown), likelybecause
the metal salts are converted to other chemical forms (oxides,
oxygen-chloride complexes) in the He/O2-phase. It also sug-
gests that the chemical properties of metal catalysts, beyond
simple contact with carbon, play an important role in the ox-
idation of EC.
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Metalchloridesmaycatalyzethecarbonoxidationthrough
the formation of M-O-Cl species; the catalytic cycle is pro-
posed involving activation of oxygen on the surface of the
metal(oxy)chloride, followed by transfer of activated oxy-
gen to the carbon surface (Mul et al., 1998). The catalytic
effect is due to the fact that carbon adsorbs metal-bound
oxygen faster than molecular oxygen. Our observation that
copper and iron are more active in the presence of chloride
than sulfate lends some credence to the above mechanism.
Another mechanism accounting for the catalytic activity of
metal chlorides is through the coordination between metal
ionsandoxygen-containingligandsindieselparticlesinclud-
ing O2−, OH−, H2O and −COO−. The formation of metal-
oxygen complexes through coordination of metal ions will
greatly change the structure of diesel particles, which will
affect its oxidation properties (Yu et al., 2005).
Metal oxides, which may form upon heating, are known
to catalyze carbon oxidation through oxygen transfer mecha-
nisms. CuO, Cu2O, Fe2O3, ZnO, MgO, CaO, and K2O have
all been shown to have this activity. Metal oxides that read-
ily change valency (such as Cu and Fe) have been identiﬁed
as superior catalysts (Silva et al., 1997; Setzer et al., 1993;
Moulijn et al., 1984). The high activity of transition metals
observed in this study suggests the possible role of the above
mechanism in the oxidation of diesel EC.
4 Discussion and atmospheric implications
Precise quantiﬁcation of EC is highly desirable due to its
relatively large role in climate forcing, in altering the hy-
drologic cycle when deposited on snow, and because it is
commonly used as a tracer for diesel exhaust in urban areas.
As we show, the EC and OC measurements of diesel parti-
cles by TOEGA is affected by metals in the sample. Metals
change the evolution proﬁles of carbon, catalyzing the oxi-
dation of EC and the charring of OC; and generally reduce
the EC/OC ratio. Transition metals are more active than al-
kali and alkaline-earth metals. Since the effect of metals on
the EC/OC ratio depends on both metal and M/C, and fur-
ther, preliminary measurements in our lab support the cat-
alyst community’s suggestion the effects of metals are not
simply additive, it is difﬁcult to predict the activity of differ-
ent metals and the impact of metals on EC/OC analysis of a
particular ambient sample. The effect is large however; met-
als appear to result in negative biases of up to 80%. For a few
metal salts, and at low M/C ratios, the EC/OC ratio may be
increased as by as much as 40%.
Pure diesel contains variable but usually small amounts
of metals. For our diesel particles the M/C ratio for metals
tested here is about 0.02, similar to the ultraﬁne fraction in
Southern California (Krudysz et al., 2008). This may itself
cause errors in the reported EC; our results suggest the direc-
tion of the error could be in the direction of over-reporting
EC. For ﬁne mode particles M/C ratios are usually 0.1–0.5,
and the upper end of the range may be even higher for PM10
andTSP(Krudyszetal., 2008; IMPROVE2010andTable1),
thus underestimates of EC are likely more common in ambi-
ent samples. If metals react similarly with different types of
carbonaceous aerosols present in ambient aerosols, the mea-
sured EC/OC ratio will likely have a variable, low bias ex-
cept possibly at very low M/C ratios. This is supported by
the dramatic reductions in EC/OC ratios we observed in our
mixtures of diesel with ambient aerosol (Sect. 3.1).
Although more work would clearly be required, including
investigation of the effect of aluminum and silicon, which
may also have catalytic activity, there is potential that exist-
ing data sets containing EC, OC and trace metals could be
corrected. We also note that adjusting the temperature pro-
ﬁle to minimize charring will not necessarily reduce metal-
dependent errors in EC/OC splits because the split point is
more sensitive to changes in EC oxidation temperature than
it is to charring.
Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/10/11447/2010/
acp-10-11447-2010-supplement.pdf.
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